The safety and efficacy of sodium-glucose cotransporter 2 inhibitors in posttransplantation diabetes mellitus is unknown. We converted stable kidney transplant patients to 10 mg empagliflozin, aiming at replacing their insulin therapy (<40 IU/d). N = 14 participants (the required sample size) completed the study visits through 4 weeks and N = 8 through 12 months. Oral glucose tolerance test (OGTT)-derived 2-hour glucose (primary end point) increased from 232 ± 82 mg/dL (baseline) to 273 ± 116 mg/dL (4 weeks, P = .06) and to 251 ± 71 mg/dL (12 months, P = .41). Selfmonitored blood glucose and hemoglobin A1c were also clinically inferior with empagliflozin monotherapy, such that insulin was reinstituted in 3 of 8 remaining participants. Five participants (2 of them dropouts) vs nine of 24 matched reference patients developed bacterial urinary tract infections (P = .81). In empagliflozintreated participants, oral glucose insulin sensitivity decreased and beta-cell glucose sensitivity increased at the 4-week and 12-month OGTTs. Estimated glomerular filtration rate and bioimpedance spectroscopy-derived extracellular and total body fluid volumes decreased by 4 weeks, but recovered. All participants lost body weight.
| INTRODUC TI ON
Posttransplantation diabetes mellitus (PTDM) is an important complication after kidney transplantation and is associated with increased cardiovascular morbidity, mortality, infections, graft failure, and healthcare cost. 1 The mechanisms leading to PTDM include early postoperative stress, increased insulin demand with restoration of kidney function and insulin resistance as well as impaired insulin secretion caused by glucocorticoids and calcineurin inhibitors. 2 Because there is consensus to use immunosuppression regimens with the best outcome for patient and graft survival, irrespective of PTDM risk, 3 PTDM prevention 4, 5 is warranted, but pharmacological therapy 6 is often unavoidable.
Inhibitors of the sodium-glucose cotransporter 2 (SGLT2) are a novel class of oral antidiabetic drugs 7 that prevent the reabsorption of glucose at the brush border of the proximal tubule. 8 This mechanism leads to glucosuria and to a reduction of blood glucose levels, 9 thereby improving glycemic control. 10 Moreover, SGLT2 inhibitors have been shown to reduce the risk of cardiovascular events in people with type 2 diabetes, 11, 12 and to slow the progression of kidney disease. 13, 14 Speculations about the underlying mechanisms for the cardiovascular benefit of SGLT2 inhibitors, especially on heart F I G U R E 1 Study design. Glycemic profiles included blood glucose measurements 4 times daily by the patients themselves (blood glucose profiles). Renal function parameters were controlled at every visit. KTRs, kidney transplant recipients; PTDM, posttransplantation diabetes mellitus; OGTT, oral glucose tolerance test 18 Despite abundant information on hemoglobin A1c (HbA1c) reduction with empagliflozin monotherapy, 10, 19, 20 details on the glucose metabolism under SGLT2 inhibition are scarce. For the present study, we selected stable kidney transplant recipients (KTRs) with PTDM, on long-term exogenous insulin therapy. We primarily aimed at withdrawing insulin during an intensive examination period, firstly because the concept of using insulin against early posttransplant hyperglycemia, based on beta-cell relief, 4 might lose benefit if insulin was maintained over the longer term, 21 and secondly, because there was no published evidence on the antihyperglycemic effect of SGLT2 inhibitors in PTDM patients, such that monotherapy data would be indispensable for subsequent endeavors to use SGLT2 inhibitors as add-on therapy.
Specifically, we aimed at determining the efficacy and safety of empagliflozin in KTRs by prospectively analyzing (1) insulin sensitivity and secretion derived from an oral glucose tolerance test (OGTT) and daily glucose profiles; (2) side effects (infections, ketoacidosis, others). We also examined the influence of empagliflozin on the fluid volume status by assessing (3) bioimpedance spectroscopy-derived markers of fluid volume and body composition. For safety reasons, we chose a short, intensive examination period from 4 weeks before to 4 weeks after insulin withdrawal, despite an overall study duration of 12 months for KTRs using empagliflozin through the initial 4-week period. The study protocol also encompassed the possibility of reinstituting insulin onto empagliflozin therapy after evaluation of the primary end point (OGTT-derived 2-hour glucose) at 4 weeks.
| ME THODS

| Study design, patients, and procedures
The present study was designed as a prospective, interventional, noninferiority pilot study, and conducted at the outpatient clinic of treated PTDM for ≥6 months were eligible. All patients had to be receiving exogenous insulin therapy (<40 IU per day [total units of isophane, short acting, and dual-release insulin]). Exclusion criteria included insulin therapy ≥40 IU/d and HbA1c ≥8.5%. All patients provided written informed consent, were pseudonymized, and followed until study completion or their withdrawal from the study. An overview on the study visits and procedures is provided in Figure 1 , and the details are described in the supplemental material. Homburg, Germany), as previously described. 23 Details on the sample size calculation, OGTT-derived parameters (including insulin sensitivity and resistance), and BCM measurements are provided in the supplemental material.
| Study outcomes
| Study safety
As prespecified in the study protocol, reintroduction of exogenous insulin therapy was mandatory if self-monitored blood glucose (SMBG) levels exceeded 300 mg/dL during the study period or if 
| Reference population
Bacterial urinary tract infections occurred in 5 study patients throughout follow-up but were not previously known to be a typical side effect of the empagliflozin treatment. We therefore amended the study protocol and obtained additional ethics approval for comparing empagliflozin-treated KTRs with a reference group of PTDM KTRs from our outpatient clinic. Reference patients were matched 2 on 1 with the study population, using age, sex, number of grafts, time after last transplantation, and kidney function (eGFR) as matching criteria (details of the matching precision reported in Table S2 ). Relevant laboratory parameters (eGFR, HbA1c) and bacterial urinary tract infections (elevated urinary leukocytes plus germ-proof through bacterial culture and administration of antibiotics) were retrospectively analyzed over the course of the study year, using the inclusion date of each study patient as the beginning of the 1-year observational period for the matched pairs.
TA B L E 1 Patient characteristics
Variables
Patients (N = 14)
Recipient age (y), mean (SD) 56.5 (7.9) Days between baseline and visit 2, mean (SD)
33 ( 
| Statistical analysis
We summarized numerical data as means ± standard deviation or medians with interquartile ranges (IQRs), depending on their distribution. 
| RE SULTS
| Study participants
Among all 1120 KTRs monitored at our center's outpatient clinic Fifteen KTRs were included and 14 completed the study procedures through visit 2. Mean age of the participants was 56.5 ± 7.9 years and mean time since transplantation was 69.4 ± 57.2 months ( Table 1 ). The median time to PTDM onset was 2 weeks posttransplant; 3 participants had a late PTDM onset (from 65 to 175 months). Two participants with a second kidney allograft had developed PTDM already after having received their first transplant.
Mean daily insulin dosage at study start was 27.2 ± 10.5 IU, mean PTDM duration was 68.1 ± 57.5 months, and mean duration of insulin therapy was 55.4 ± 47.0 months. Eleven study participants had received insulin as their first antihyperglycemic therapy, while 2 participants had initially been started on oral agents when PTDM was diagnosed, and 1 participant had received dietary advice for several years before insulin had been introduced.
| Glycemic control through 4 weeks
OGTT results are shown in Figure 3 and Table S1 . Fasting and 2-hour glucose levels at baseline were 111 ± 21 mg/dL and 232 ± 82 mg/dL, respectively. Three patients had normal glucose tolerance and 1 patient had impaired glucose tolerance. Three patients were on oral antidiabetic drugs (linagliptin; sitagliptin + metformin; linagliptin, respectively), in addition to insulin. These antidiabetic drugs were discontinued along with the insulin washout ( Figure 1 ).
From baseline to the second OGTT, fasting and 2-hour glucose levels increased to 144 ± 45 mg/dL (P = .005) and 273 ± 116 mg/ dL (P = .06), respectively ( Figure 3 , Table S1 ). SMBG profiles, shown in Figure 4 , were generally higher under empagliflozin monotherapy and HbA1c levels increased from 6.5 ± 0.8 rel.% at baseline to 6.6 ± 0.7 rel.% at study visit 2 (P = .12, Table 3A ).
| OGTT-derived insulin sensitivity and secretion/beta-cell function through 4 weeks
OGTT-derived indices of insulin secretion and sensitivity at baseline were comparable to our previous cohort of stable KTRs 25 (Table S1 ). Results at baseline vs visit 2 are shown in Table 2A .
| Descriptive parameters
The area under the ROC curve (AUC) values for glucose, insulin, and C-peptide did not differ significantly after 4 weeks of empagliflozin treatment, but there was a trend toward higher levels: an increase of 14%, 5%, and 14% (P = .14, .72, and .16), respectively.
| Insulin resistance/sensitivity
Oral glucose insulin sensitivity (OGIS) index decreased from 390 ± 66 to 328 ± 85 mL/min per m 2 (P = .01) and similar results were found by PREDIcted M (PREDIM) (4.2 ± 2.0 to 3.5 ± 1.8 mg/ kg per min, P = .02). Homeostatic model assessment for insulin resistance (HOMA-IR), based on fasting insulin and glucose, increased from 2.23 ± 1.36 to 4.17 ± 3.46 (P = .03).
| Insulin secretion/beta-cell function
Insulin secretion, both total and its suprabasal component, was not different after the empagliflozin treatment. However, betacell glucose sensitivity improved from 28.6 ± 17.1 to 36.6 ± 23.5 pmol·min 
TA B L E 3 (A) Secondary outcome parameters (baseline through 4 weeks, N = 14); (B) secondary outcome parameters (baseline through 12 months, N = 8)
Variables
Baseline 2 weeks 4 weeks P (baseline vs 4 weeks)
Creatinine mg/dL, mean (SD) circumference (P = .001; Table 3A ). Extracellular fluid volume and total body fluid volume both decreased by 1 L (P < .001, respectively P = .008), while intracellular volume remained unchanged (P = .9).
Correspondingly, fluid overload decreased from 2.7 ± 2.1 (baseline) to 1.8 ± 1.8 L (4 weeks, P = .006), which was reflected by a relative decrease in extracellular fluid volume from 13.4 ± 7.4% (baseline) to 9.7 ± 7.7% (4 weeks, P = .02).
| Safety end points through 4 weeks
From baseline to 4 weeks, eGFR decreased from 55.6 ± 20.3 to 47.5 ± 15.1 mL/min per 1.73 m 2 (P = .008, Table 3A ). One patient had minimal urinary ketone body excretion (2 mg/dL) but no case of ketoacidosis occurred. Through the initial 4-week empagliflozin monotherapy period, we observed bacterial urinary tract infections in 3 patients (21%) and recorded 1 hospitalization due to pneumonia in another patient. There was 1 case of mild hyponatremia (134 mEq/L) and no case of hypoglycemia or orthostatic dysregulation. One study participant had an uncomplicated balanitis, which resolved with local therapy.
| Follow-up through 12 months
After 4 weeks, exogenous insulin was re-introduced in addition to empagliflozin therapy in 7 participants, 4 of whom later on dropped out of the study (6 dropouts altogether; details in Figure 2 and Table   S5 ). Eight patients (3 of them with insulin add-on therapy: insulin dose Table S1 ). Metabolic parameters and glycemic indices are shown in Table 2B and secondary outcome parameters in Table 3B . Patients who remained in the study through 12 months experienced meaningful average reductions in body weight (−5 kg), body mass index (−1.6 kg/m 2 ), and waist circumference (−6.9 cm), but still had higher average HbA1c levels (+0.4 rel.%), compared to baseline. Fluid parameters at 12 months were comparable to baseline, but patients on average had reduced adipose tissue mass (−4 kg) and reduced muscle mass (−1 kg). Kidney function at 3, 6, and 12 months was unchanged in comparison to baseline (Table 3B) , and also remained unchanged in PTDM patients from an untreated reference group (Tables S3 and S4 ). Bacterial urinary infections occurred in 5 empagliflozin-treated patients, and in 9 of 24 patients from the untreated PTDM reference group (P = .81, Figure 5 ).
| D ISCUSS I ON
In this first trial on the use of an SGLT2 inhibitor in PTDM patients, we evaluated the glucose metabolism and fluid status as well as several secondary end points before and after 4 weeks on empagliflozin monotherapy, and through a subsequent follow-up period of 1 year.
Glucose control under empagliflozin monotherapy was clinically inferior compared to the prior exogenous insulin treatment, shown by SMBG, fasting and 2-hour glucose at the 4-week OGTT, and 
TA B L E 3 (Continued)
HbA1c. Although this finding was clinically evident and 7 participants added insulin back to therapy through the subsequent 1-year follow-up, statistical significance was not reached for OGTT-derived 2-hour glucose at 4 weeks (primary end point). When designing the present trial, we aimed at empagliflozin monotherapy rather than add-on therapy, at least for the intensive evaluation period, to protect OGTT-derived 4-week results on insulin resistance and insulin secretion from the influence of other antidiabetic drugs. In drugnaïve type 2 diabetic patients, empagliflozin monotherapy had led to an HbA1c reduction of 0.62-0.78 rel.%. 10, 19, 20 Our study participants with PTDM had relatively high insulin doses, and their PTDM duration was likely too long for PTDM to be reversible.
OGTT-derived indices and data on insulin resistance as well as insulin secretion have not been reported for empagliflozin-treated patients. Glucose levels during the second OGTT were altogether higher than baseline. Beta cells seemed to react to the increased glycemic levels, because C-peptide levels trended higher. Hepatic extraction may have accounted for the fact that the insulin AUC did not mirror C-peptide levels. Worsening insulin sensitivity under empagliflozin treatment was consistent when considering dynamic conditions (OGIS, PREDIM). These results, however, are not surprising because the glycemic control deteriorated altogether. The observed increase in beta-cell glucose sensitivity during empagliflozin treatment is consistent with previous clamp experiments. 26 Mechanistically it has been proposed that by inhibiting SGLT2, the increased sodium delivery to the macula densa decreases glomerular hyperfiltration by enhancing the tubuloglomerular feedback. 13 In the present study, eGFR transiently decreased by 8.1 mL/ min per 1.73 m 2 at 4 weeks (Table 3A) , in line with this proposed mechanism (but rectified thereafter, Table 3B ). While serum albumin increased after empagliflozin treatment, the albumin:creatinine ratio remained unchanged, unlike previous findings of a decreased progression to macroalbuminuria. A recent meta-analysis of randomized controlled trials showed no significant difference in urinary tract infections between SGLT inhibitors vs control. 28 In KTRs, however, urinary tract infections are a major concern, 29 and patients who develop urinary tract infections will likely discontinue the SGLT2 inhibitor (Figure 2 ), which increases urinary glucose. Concerns about urinary tract infections led to the creation of an independent PTDM reference population (Tables S2-S4 ), which showed the same incidence of bacterial urinary tract infections as in empagliflozin-treated study participants ( Figure 5 ). The incidence of urinary tract infections among study participants and reference patients was higher than in a previous study using Medicare claims data, which was, however, not exclusively performed in PTDM patients. 30 We therefore suggest careful monitoring of urinary tract infections in PTDM patients, especially when using an SGLT2 inhibitor.
The present study has several limitations, especially its small sample size and the fact that it was nonrandomized. We focused on glucose metabolism and fluid status, thereby lacking some other specific outcomes such as bone parameters. The number of statistical tests surpassed the number of study participants included, and the interpretation of the glycemic indices at 12 months is difficult, due to an even smaller number of patients and the reintroduction of exogenous insulin treatment.
However, and in conclusion, our trial represents the first study to date to assess SGLT2 inhibition in patients after solid organ transplantation ( Figure 6 ). Among other SGLT2 inhibitor publications, our analysis is the first to present data on fluid volume, besides detailed results on OGTT-derived indices, which are otherwise lacking for SGLT2 inhibitors. Although empagliflozin alone was not powerful enough to replace exogenous insulin in KTRs with PTDM, our results on patient safety, metabolic control, and fat loss suggest value for using and further studying empagliflozin or another SGLT2 inhibitor as add-on therapy in immunosuppressed patients, who nevertheless have to be monitored carefully.
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